To identify biologically functional regions in the product of the Drosophila melanogaster gene Krüppel, we cloned the Krüppel homolog from Drosophila virilis. Both the previously identified amino (N)-terminal repression region and the DNA-binding region of the D. virilis Krüppel protein are greater than 96% identical to those of the D. melanogaster Krüppel protein, demonstrating a selective pressure to maintain the integrity of each region during 60 million to 80 million years of evolution. An additional region in the carboxyl (C) terminus of Krüppel that was most highly conserved was examined further. A 42-amino-acid stretch within the conserved C-terminal region also encoded a transferable repression domain. The short, C-terminal repression region is a composite of three subregions of distinct amino acid composition, each containing a high proportion of either basic, proline, or acidic residues. Mutagenesis experiments demonstrated, unexpectedly, that the acidic residues contribute to repression function. Both the N-terminal and C-terminal repression regions were tested for the ability to affect transcription mediated by a variety of activator proteins. The N-terminal repression region was able to inhibit transcription in the presence of multiple activators. However, the C-terminal repression region inhibited transcription by only a subset of the activator proteins. The different activator specificities of the two regions suggest that they repress transcription by different mechanisms and may play distinct biological roles during Drosophila development.
The spatial and temporal control of eukaryotic gene transcription depends on the interplay of numerous positive and negative trans-acting factors. Transcriptional activator proteins and their modes of action have been extensively characterized (reviewed in reference 49). In contrast, although regulation by repression is critically important for maintaining appropriate levels of gene expression, only recently have the molecular mechanisms of repressors come under significant scrutiny (reviewed in references 6, 19, 22, and 36) .
Like transcriptional activators (2), many transcriptional repressors are modular factors (27) , in that the transcriptional effector domain can be separated from the DNA-binding domain. The activation regions of many transcriptional activators have been identified and categorized based on primary amino acid sequence homology (49) . Although less well defined to date, transferable repression domains have been identified in several transcriptional repressors. Like activation domains, some repression domains fall into distinct classes based on primary amino acid sequence composition, presumably representing repressors that function through different sets of protein-protein interactions.
Activation domains fall into classes including glutaminerich, proline-rich, and acidic domains. For many transcription factors in each class, maximal activation appears to be the result of multiple interactions between the activator and targets within the transcriptional machinery (reviewed in reference 49). Direct interactions with components of the basal transcriptional machinery as well as indirect, coactivator-mediated interactions have been implicated in transcriptional activation. Multiple classes of activators appear to interact with specific basal transcription factors. Both VP16 (45) , a representative member of the acidic activator class, and Sp1 (8), a representative member of the glutamine-rich class of activators, interact specifically with the human TATA-binding protein. In contrast, different classes of activators appear to contact distinct TATA-binding protein-associated factors (TAFs) and unique coactivator proteins to activate transcription. For example, the acidic activators VP16, p53, and Epstein-Barr virus nuclear protein 2 interact with Drosophila TAF II 40 (15, 48, 50) , whereas the glutamine-rich activation domains of Sp1 and the glutamine-rich activation domain, Q2, of the cyclic AMP-regulated transcription factor CREB interact with Drosophila TAF II 110 (10, 13, 20) .
Classifications based entirely on amino acid sequence similarity are preliminary. In fact, the amino acids used to characterize an activation domain are not necessarily the residues that contribute to activation function in the region. The acidic residues in the VP16 activation domain (35) and glutamine residues in the Sp1 activation domain (13) can be mutagenized without affecting activation function. In contrast, hydrophobic residues appear to play a larger role in activation activity in the case of both proteins (13, 35) .
Repression domains can also be classified according to primary amino acid sequence to include charged, alanine-rich, and proline-rich domains (reviewed in reference 19) . As is sometimes true for classes of activation regions, separate classes of repression regions may utilize distinct mechanisms to regulate transcription. Proposed mechanisms for negative regulation of transcription include both passive mechanisms, involving steric hindrance, and active mechanisms, involving protein-protein interactions between the repressor and its target, such as direct repression and quenching (19, 26) . Direct repression involves inhibition of basal transcription, whereas quenching involves interference with the function of a specific activator protein. One indication of the potential mechanism of a particular repressor is its ability to inhibit all or only a subset of promoters or to inhibit transcription mediated by specific activators and not others. A repressor that functions in all, or most, contexts is more likely to inhibit basal transcription. In contrast, a repressor that can inhibit transcription only in particular contexts is more likely to target a specific activator(s) or proteins that specifically mediate the action of an activator.
The first example of a transferable repression domain was found in the amino (N) terminus of the product of the Drosophila melanogaster gap gene Krüppel (Kr) (27) . Kr is a sequence-specific, DNA-binding protein (34, 34a, 44, 52) . When bound upstream of an appropriate RNA polymerase II promoter, Kr represses transcription from that promoter in both mammalian and Drosophila tissue culture systems (27, 40, 57) . The minimal N-terminal repression domain of Kr, the smallest and best defined of repression domains, consists of a probable ␣ helix, encompassing residues 62 to 92, and contains a glutamine at residue 86 that is critical for repression function (28) . Previously, the extents of transcriptional repression by Kr were compared in the presence of two different activator proteins. Whereas full-length Kr repressed transcription in the presence of Gal4-Q, a fusion of the Gal4 DNA-binding domain to the second glutamine-rich activation domain of Sp1, it was ineffective in the presence of the wild-type acidic activator Gal4. These data suggested that Kr mediates repression through a quenching mechanism (29) . In addition, repression by Kr has been correlated with an interaction with the basal transcription factor TFIIE (39) .
In the current study, by examining the conservation of Kr during Drosophila speciation, we show that the three most highly conserved portions of the gene include the region encoding the zinc finger DNA-binding motif, the region in the N terminus of the gene encoding the previously identified Nterminal repression region, and a region in the carboxyl (C) terminus of the protein. The C-terminal 101 amino acids had previously been shown to contain a transferable repression region in Drosophila cells; we now demonstrate that a 42-amino-acid region within the C terminus encodes a transferable repression region of equivalent activity, which is also active in mammalian cells. The smaller C-terminal repression region has a modular primary amino acid structure consisting of a basic subregion, a proline-rich subregion, and an acidic subregion. We have used a mutagenesis strategy to analyze the contributions of each subregion to repression function and demonstrated that the acidic residues contribute to transcriptional repression.
To investigate the mechanistic bases for repression by Kr, we have extended the original activator specificity studies by testing the ability of each of the two Kr repression regions to attenuate transcription mediated by various activator proteins. The N-terminal repression region inhibited transcription mediated by activators against which the C-terminal repression region was ineffective. These data suggest that the two repression regions of Kr repress transcription via different mechanisms and have distinct biological functions during Drosophila development.
MATERIALS AND METHODS
Plasmid constructions. During the course of this work, we found that a single guanine residue in codon 410 was omitted from the published sequence of the D. melanogaster Kr cDNA, pcK2b (37) (Fig. 1) . Inclusion of this residue results in the corrected open reading frame of Kr being 502 amino acids; this new numbering is reflected in the constructions described below. All Kr expression plasmids express the D. melanogaster protein. Kr-NZC (CMV-Kr), Kr-NZ⌬ (CMVKr⌬C), Kr-NZ⌬Y86QK (CMV-Kr⌬CY86QK), CMV-LacI/Z (12, 28) , and the reporter genes pSVlacOCAT (3), pSVCAT (3), Kr4-tkCAT (27) , G5BCAT (5), and Kr4G5BCAT (29) have been described previously. The activator expression plasmids Gal4-Q (29), Gal4 (pSG4) (23) , and Gal4-AH (pSG50.1) (14) were also described previously. Gal4-HOX contains the first 68 amino acids of the mouse Hox1.3 gene (11, 56) fused to Gal4 residues 1 to 147. The reporter plasmid Lac2-tkCAT was constructed by inserting two copies of a symmetrical lac operator sequence (12) with high affinity for LacI into the SalI site of pBLCAT2 (30) , upstream of the herpes simplex virus (HSV) thymidine kinase (tk) promoter. Kr-⌬ZC, which lacks sequences encoding amino acids 31 to 214 of Kr, was constructed by digestion of CMV-Kr (28) with XbaI and BamHI and religation of the plasmid in the presence of an adapter linker with the sequence 5Ј GATCACGGT 3Ј 3Ј TGCCAGATC 5Ј
to maintain the correct reading frame. Lac/Kr-C(345-502) was constructed by digestion of pcK2b with BanI and EcoRI and ligation of this fragment to a 1.4-kb BglII-PvuI fragment, encoding the lac repressor linked to 23 N-terminal amino acids of ␤-galactosidase, using the synthetic adapter
This fusion gene was cloned into pBluescript II SKϩ (Stratagene), excised by digestion with SacI and EcoRI, and cloned into construct CMV-LacI digested with SacI and EcoRI. Lac/Kr-C(402-502) was constructed by digestion of Lac/Kr 26-466(502) (27) with XhoI and EcoRI to isolate a backbone encoding the LacI/Z fusion protein. Next, a SalI-EcoRI fragment from Lac/Kr 26-466(502) encoding amino acids 402 to 502 of Kr was isolated and ligated to the backbone. Lac/Kr-C(433-474) was created by amplifying Kr sequences with a stop codon, using the primers 5Ј CTCGAGCTCGAGGCACGGCGCAAGGCACAG 3Ј and 5Ј GGA TCCGGATCCCTAAGAACGAGGAGAGTGCAT 3Ј, digesting the resulting fragment with XhoI and BamHI, and ligating it to the backbone from CMV LacI/Z VP16 (28) digested with XhoI and BamHI. All amplified and subcloned fragments were sequenced to ensure that no mutations had been generated and that an in frame fusion with the lacI/Z gene fusion was created.
Mutagenesis. The C-terminal multiple point mutations in Kr were created by oligonucleotide site-directed mutagenesis using the Sculptor in vitro mutagenesis system (Amersham Life Sciences). Utilizing the VCS-M13 helper phage (Stratagene), we produced single-stranded DNA from a pBluescript II SKϩ vector into which the XhoI-BamHI fragment from CMV Lac/Kr-C(433-474) had been ligated. The mutant Lac/Kr-C(433-474YK/R/D/E-A) was created by producing single-stranded DNA from the Lac/Kr-C(433-474YK/R-A) mutant and performing a second round of mutagenesis. The mutated constructs were sequenced to ensure the absence of undesired, additional mutations.
Cell culture and transfections. CV-1 (African green monkey kidney) cells and U2OS (human osteosarcoma) cells were grown in a 5% CO 2 environment in Dulbecco's modified Eagle's medium supplemented with 10% calf serum or 10% fetal bovine serum, respectively. Cells were plated at a density of 7 ϫ 10 5 to 1 ϫ 10 6 cells/100-mm-diameter dish 24 h prior to transfection, and transfections performed by the calcium phosphate precipitation method were done as described previously (25, 27, 28) . Reporter and effector plasmids were transfected in amounts indicated in the figure legends along with either pMTGH or tkGH, both of which are human growth hormone (hGH) expression plasmids (43) , as an internal control of transfection efficiency, and either pBluescript II SKϩ (Stratagene) or pUC18 as filler DNA to maintain 10 to 15 g of DNA in each transfection. In U2OS cells, the optimal conditions for obtaining DNA-binding site-dependent repression occurred at much lower ratios of effector plasmid to reporter plasmid than in CV-1 cells. Transfections with the pSVlacOCAT and pSVCAT reporters contained 1.0 g of reporter plasmid and 0.5 g of effector plasmid.
To transfect cells by using LipofectAMINE, CV-1 cells (approximately 2 ϫ 10 5 to 3 ϫ 10 5 ) were plated in 60-mm-diameter tissue culture dishes such that they were 50% confluent after 24 h. Effector and reporter plasmids were transfected in the amounts indicated in the figure legends along with 0.5 g of tkGH as an internal control of transfection efficiency and pBluescript II SKϩ (Stratagene) as filler DNA to maintain 8 g of DNA in each transfection. Plasmid DNAs mixed in 300 l of cell culture medium (without serum) were combined with 20 l of LipofectAMINE reagent (GibcoBRL) mixed in 300 l of cell culture medium (without serum). Complexes were allowed to form for 30 to 40 min at room temperature. Cells were washed twice and overlaid with 2.4 ml of culture medium (without serum). The LipofectAMINE-DNA mixture was added to the cells and incubated at 37°C in a CO 2 incubator for 5 h. Medium was replaced with 5 ml of cell culture medium containing 10% calf serum after 5 h and again after 24 h.
At 48 h posttransfection by either method, cell culture media were harvested for hGH radioimmunoassay (Allegro, San Capistrano, Calif.) as instructed by the manufacturer. In addition, cytoplasmic extracts were prepared as described previously (16, 25, 27) , and equal amounts of protein, as determined by the Bradford assay (Bio-Rad), were assayed for chloramphenicol acetyltransferase (CAT) activity. The percent conversion of chloramphenicol to acetylated chloramphenicol was determined by analysis of chromatograms with a PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.). Corrected CAT activity is defined as the percent conversion of chloramphenicol to acetylated chloramphenicol divided by the level of hGH (nanograms per milliliter) obtained in the same transfection experiment. Relative CAT activities were determined by normalizing the corrected CAT activity for each effector to the corrected CAT activity in the presence of the control LacI/Z protein (set at 100% activity).
Cloning of the Drosophila virilis Kr gene. ] bovine serum albumin)-1% sodium dodecyl sulfate-100 g of denatured salmon sperm DNA per ml with 106 cpm of probe per ml of hybridization solution at 37°C overnight. The filters were washed in 2ϫ SSPE-1% sodium dodecyl sulfate for 1 h at 55°C and then for 1 h at 60°C. Eleven positive plaques were picked for secondary screening. DNA was prepared from seven positive clones, and Southern analysis (32) using the same probe and hybridization conditions as above was performed. Each blot was stripped and rehybridized with a probe coding for the zinc finger region of the Kr protein, obtained by digesting pcK2b with EcoRI and BamHI. Only one phage, I3.3, contained a fragment that hybridized to both probes. The 4.4-kb SalI fragment from I3.3 that hybridized to both probes was subcloned into pBluescript II SKϩ (Stratagene) and sequenced on both strands.
Nucleotide sequence accession number. The GenBank accession number for the sequence of the D. virilis Kr clone is U49856.
RESULTS
Three specific regions of Kr were highly conserved during Drosophila speciation. To investigate the biologically relevant regions of the Drosophila Kr protein, we cloned the D. melanogaster Kr homolog from D. virilis. These two species of Drosophila are separated by 60 million to 80 million years of evolution, a sufficient time for complete divergence of unconstrained sequences (1, 24, 46) . Conserved sequences, therefore, likely represent essential and functional regions of the protein homologs (1, 24, 46) . To obtain the D. virilis gene, a D. virilis genomic library was screened at low stringency, using a probe encoding the N terminus but not the zinc finger region of Kr, thus preventing isolation of the large family of zinc finger genes in the Drosophila genome. Of the seven positive clones identified, only one hybridized with a fragment from the Kr cDNA that encodes the zinc finger and the C terminus of the D. melanogaster Kr protein. A 4.4-kb DNA fragment that hybridized to both probes was subcloned and sequenced on both strands. Comparisons of the nucleotide and the amino acid sequences to those of the D. melanogaster gene and protein are shown in Fig. 1 and 2A, respectively. The presented D. melanogaster nucleotide and amino acid sequences differ slightly from the previously published sequences, as discussed below.
The degree of homology between the two genes at the nucleotide level is high (66.9% identical) throughout the coding regions. Half of the divergence is due to changes at the third position of the codons. The homology drops off sharply beyond the 3Ј end of the coding region (only 27.5% identity). The aligned D. virilis coding sequence is 120 nucleotides longer than that of D. melanogaster due to a series of six short insertions relative to the D. melanogaster gene. These occur at regions of cryptic simplicity (i.e., short, partly irregular, direct repeats) that are predicted to be prone to a slippage mechanism of mutagenesis (47, 51) .
The high degree of homology at the nucleotide level is reflected in the 81% identity of the two predicted amino acid sequences ( Fig. 2A) . Note that three regions of the protein are nearly completely conserved, demonstrating selective pressure to maintain the integrity of each region during evolution (Fig.  2B) . A fourth, very small segment of conservation ( Fig. 2B and highlighted in Fig. 2A ) corresponds to the position of the nuclear localization sequence of the Kr protein (21) . The largest region of conservation includes 140 amino acids encompassing the zinc finger DNA-binding domain, which is 98.6% identical between the two species. Only two amino acid substitutions, one a conservative substitution of a glutamic acid for an aspartic acid, interrupt the identity of this region. A second region of 95.5% identity lies in a 44-amino-acid, N-terminal region of the protein, encompassing the previously identified N-terminal repression domain (Fig. 2) . Only one amino acid substitution alters the minimal N-terminal repression region of D. virilis relative to D. melanogaster. This finding demonstrates the importance of this region to the biology of Drosophila and suggests that the definition of the repression domain in mammalian cells relates to the function of the protein during Drosophila embryogenesis. The third region of near perfect conservation lies in the C terminus of the protein. A 62-amino-acid region, identified in the dot homology plot analysis, is 93% identical between the two species ( Fig. 2A and B) . This region is contained within the 101-amino-acid repression region identified previously in Drosophila tissue culture systems (40, 57) and is further defined below.
The sequence of the predicted D. virilis Kr protein was distinctly similar to that of the previously published D. melanogaster protein through amino acid 403, at which point the homology abruptly ended. However, when the predicted Cterminal sequence of the D. virilis Kr protein was compared to a different reading frame in the published D. melanogaster Kr cDNA sequence, a striking match could be made. To determine if this apparent reading frame shift in the D. virilis gene relative to the D. melanogaster gene was real or the result of an error in either sequence, genomic DNA from both species was sequenced in this region. Sequencing of a separate source of D. virilis genomic DNA confirmed the sequence shown in Fig. 1 (data not shown). However, when analyzed under appropriate gel electrophoretic conditions, the D. melanogaster genomic DNA contained an extra base pair in codon 410 relative to the published sequence of the D. melanogaster cDNA, pcK2b (data not shown). The same region of pcK2b was subsequently sequenced and found to agree with our genomic sequence rather than the published sequence. Similar results have been obtained in other laboratories (21) . The additional guanine nucleotide at position 1602 ( Fig. 1 ) results in the alteration of the published reading frame in the C-terminal portion of the D. melanogaster protein and brings it into register with the D. virilis clone. The D. melanogaster Kr protein accordingly contains 502 amino acids, with a predicted molecular weight of 54,700 (Fig. 1) , rather than the previously stated 466 amino acids. The correct stop codon is at nucleotide position 1879. This also alters the identity of the C-terminal repression region as assayed in Drosophila Schneider cells (40) . Although the repression region was stated to be within the C-terminal 64 amino acids of Kr (40), after correction of the reading frame, this activity actually lies within the last 101 amino acids of the protein.
The highly conserved region in the C-terminal portion of the Kr protein contains a transferable repression activity. We previously showed that an N-terminal region of the Kr protein could confer repression activity on the LacI protein when it was fused to that DNA-binding protein (27) . However, subsequent experiments indicated that deletion of the N terminus from the Kr protein resulted in a derivative that repressed transcription of a promoter containing Kr DNA-binding sites to approximately the same extent as the full-length protein (8a). This finding suggested the possibility of redundant repression regions in the Kr protein that are active in mammalian cells, one in the N terminus and the other in the C terminus. To identify the C-terminal repression activity, portions of the C terminus of Kr were fused to the lacI DNA-binding protein and assayed in U2OS and CV-1 cells by cotransfection with the reporter construct Lac2-tkCAT, containing two lac (Fig. 3A) . Qualitatively similar data were obtained for both cell lines, although the degree of repression was three-to fivefold higher in U2OS cells. Lac/Kr-C(345-502) and Lac/Kr-C(402-502) each mediated repression of CAT gene expression directed by Lac2-tkCAT (Fig. 3B ). These data indicated that the C-terminal 101 amino acids of the Kr protein could function as a repression domain in mammalian cells, as was previously observed in Drosophila Schneider cells. Given the strong homology with the D. virilis protein between residues 414 and 474 (Fig. 2B) , we predicted that the C-terminal repression domain would lie in this conserved region. Indeed, a fusion protein between amino acids 433 and 474 of Kr and the lacI DNAbinding protein, Lac/Kr-C(433-474), repressed expression from Lac2-tkCAT as well as the entire C terminus fused to LacI, Lac/Kr(345-502) (Fig. 3B) . A fusion of the lacI DNAbinding protein to amino acids 400 to 437 of Kr was also tested and did not repress transcription from Lac2-tkCAT (data not shown). However, this protein was not expressed in U2OS or CV-1 cells (see below); thus, its repression activity could not be evaluated.
To ensure that all of the Lac/Kr fusion proteins were expressed, localized to the nucleus, and able to specifically bind DNA, each construct was cotransfected with the reporter pSVlacOCAT (12) . pSVlacOCAT contains a lac operator directly over the start site of the simian virus 40 (SV40) early promoter. Gene expression from this construct is inhibited by the mere expression of a protein containing the lacI DNA-binding domain, due to steric hindrance between the binding of the LacI fusion protein and the RNA polymerase II transcription complex at the transcriptional start site. This type of repression is in stark contrast to repression of the Lac2-tkCAT reporter, discussed above, in which the lacI recognition sites are positioned over 100 bp upstream of the start site. Transcriptional repression from such upstream sites requires expression of a DNA-binding protein fused to a transferable repression region. To verify that effects of LacI fusion proteins on pSVlacOCAT expression were specific, repression of pSVlacOCAT was compared to repression from pSVCAT, a reporter containing the SV40 early promoter but no lac operator. Both constructs were analyzed in the presence of the positive control LacI/Z or various Lac/Kr fusions. As expected, full-length Kr did not repress either promoter, because it cannot bind to a lac operator. In contrast, LacI/Z and each Lac/Kr fusion, with one exception, specifically repressed pSVlacOCAT expression, with quantitative effects ranging to between 0.28 and 3.5% of the control level of expression (Table 1 ). This analysis demonstrated that these fusion proteins were expressed and active in the nuclei of the transfected cells. Only Lac/Kr-C(400-437) did not repress pSVlacOCAT expression, indicating that this fusion is either not expressed in the nucleus of the cell or not capable of binding to DNA.
Acidic residues in the C terminus of the Kr protein contribute to repression activity. The 42-residue, C-terminal repression domain (residues 433 to 474) shows no sequence or structural homology to the N-terminal repression domain. However, the C-terminal region does exhibit a striking modularity in its primary amino acid sequence (Fig. 4A) . The Nterminal portion of this short region has a high proportion of basic residues, the central portion has a high proportion of proline residues, and the C-terminal portion has a high proportion of acidic residues. To examine the involvement of these subregions in repression function, each was individually targeted by oligonucleotide site-directed mutagenesis. Three multiple alanine substitution mutants were constructed: Lac/ Kr-C(433-474YK/R-A), which targets each basic residue in the N-terminal subregion; Lac/Kr-C(433-474YP-A), which targets Lac2-tkCAT (3 g) was cotransfected into U2OS cells with 0.5 g of each of the Lac/Kr-C fusion expression plasmids or a control expression plasmid (CMVLacI/Z) and 2 g of internal control tkGH plasmid, using a calcium phosphate transfection protocol. Relative CAT activity was determined by normalizing levels of corrected CAT activity to the percentage of full activity in the presence of the control LacI/Z plasmid. The indicated activity was determined by averaging activities from four independent experiments performed in duplicate; standard deviations are indicated. each proline residue in the central subregion; and Lac/Kr-C(433-474YD/E-A), which targets each acidic residue in the C-terminal subregion (Fig. 4A) . Each protein was assayed for repression activity by cotransfection of its expression construct and the Lac2-tkCAT reporter in U2OS cells. In addition, each expression construct was assayed for appropriate expression of active protein by cotransfection with the reporters pSVlacOCAT and pSVCAT. Lac/Kr-C(433-474) and the mutant fusion proteins specifically repressed pSVlacOCAT gene expression to between 0.62 and 2.2% of control levels ( Table 1 ), demonstrating that each protein was present and competent to bind DNA in the nuclei of transfected cells.
Mutation of either the basic subregion or the proline-rich subregion region did not diminish the ability of the C-terminal repression region to inhibit expression from Lac2-tkCAT (Fig.  4B) . However, mutation of the acidic subregion resulted in a protein that repressed Lac2-tkCAT expression 2.8-fold less than Lac/Kr-C(433-474) (Fig. 4B) . Because Lac/Kr-C(433-474YD/E-A) was expressed at somewhat lower levels than Lac/Kr-C(433-474), as assayed by the pSVlacOCAT cotransfection experiments (Table 1) , we constructed a fourth mutant both to confirm the role of the acidic residues in transcriptional repression and to investigate the possible redundancy of the acidic and basic residues in inhibiting transcription. All of the basic residues in the first subregion and the acidic residues in the third subregion were simultaneously changed to alanine in the fourth mutant, Lac/Kr-C(433-474YK/R/D/E-A) (Fig. 4A) . Although at least as active as Lac/Kr-C(433-474YK/R-A) in inhibiting expression of pSVlacOCAT (Table 1) , Lac/Kr-C(433-474YK/R/D/E-A) repressed Lac2-tkCAT expression 3.0-fold less than Lac/Kr-C(433-474YK/R-A) (Fig. 4B) . The diminished repression activity of Lac/Kr-C(433-474YD/E-A) compared to the wild-type repression activity of Lac/Kr-C(433-474) and the diminished repression activity of Lac/Kr-C(433-474YK/R/D/E-A) compared to the wild-type repression activity of Lac/Kr-C(433-474YK/R-A) indicate that the acidic residues do play a role in inhibiting gene expression from upstream sites. Therefore, surprisingly, mutation of the basic or proline-rich subregions individually did not affect the transferable repression activity of the C-terminal repression region of Kr, whereas mutation of the acidic residues did.
Gal4-Q-or Gal4-AH-mediated transcription is repressed by the N-terminal and the C-terminal repression regions of Kr.
To probe whether the N-terminal and C-terminal repression regions of Kr are functionally redundant, or whether they might instead play distinct biological roles, we investigated their abilities to inhibit transcription mediated by various transcriptional activators. The activator specificity assay is outlined in Fig. 5 . In brief, an expression vector for Kr or a Kr deletion derivative, or the same expression vector for a nonbinding control protein, LacI/Z, was cotransfected along with an expression vector for an activator protein and a synthetic CAT reporter construct. The promoter region driving CAT gene expression contains multiple binding sites for both Gal4 and Kr upstream of a TATA sequence (Fig. 5A) . Various activator regions, all containing the DNA-binding domain of Gal4 (Fig.  5B) , were used to promote expression of CAT. The ability of each Kr derivative to inhibit CAT gene expression mediated by each specific activator was then determined. Because the DNA-binding domain of each activator is a constant, we can specifically probe the ability of each repression region to inhibit different types of activation pathways. We tested three repressors: Kr-NZC, Kr-⌬ZC, and Kr-NZ⌬ (Fig. 5B) . Kr-NZC represents the full-length Kr protein and contains both the N-terminal and C-terminal repression regions. Kr-NZ⌬ lacks the C-terminal 155 amino acids of Kr, retaining only the Nterminal repression region. Conversely, Kr-⌬ZC lacks the 184 N-terminal amino acids of Kr, retaining only the C-terminal repression region. As a negative control, the mutant Kr-NZ⌬Y86QK was also included. This mutant lacks the C-terminal repression region and contains a specific point mutation in the N-terminal repression region that completely abrogates its ability to inhibit transcription (28) . All of the Kr proteins contain the zinc finger region and would therefore bind the Kr sites in the reporter construct. We examined in detail the effects of these repressors on four activators (Fig. 5B) : Gal4, an acidic activator; Gal4-Q, a fusion of the Gal4 DNA-binding domain to the second glutamine-rich activation domain of Sp1; Gal4-AH, a fusion of the Gal4 DNA-binding domain to a synthetic acidic amphipathic ␣-helical peptide that functions as an activation domain; and Gal4-HOX, a fusion of the Gal4 DNA-binding domain to an N-terminal activation region from the mouse Hox1.3 gene (see Materials and Methods).
We first examined gene expression mediated by the activator Gal4-Q, in the presence of increasing amounts of each repressor construct (Fig. 6A) . Consistent with our previous results (29) , Kr-NZC efficiently repressed transcription mediated by this activator in a dose-dependent manner (Fig. 6A) . Both Kr-⌬ZC and Kr-NZ⌬ also repressed transcription mediated by this activator (Fig. 6A) . As expected, the activity of the Nterminal repression region was specifically eliminated by mutation of glutamine 86 to a lysine (Fig. 6A, Kr-NZ⌬Y86QK) . Furthermore, the ability of the Kr derivatives to repress transcription mediated by Gal4-Q was dependent on the presence of DNA-binding sites for Kr (data not shown). In a similar manner, each of the two repression domains of Kr, as well as the full-length Kr protein, repressed transcription mediated by a quite distinct transcriptional activator, Gal4-AH (Fig. 6B) . Gal4-HOX-or Gal4-mediated transcription is repressed by the N-terminal repression region of Kr only. In contrast to the results obtained with Gal4-Q-and Gal4-AH-mediated activation, Kr-⌬ZC did not repress transcription mediated by Gal4-HOX (Fig. 6C) , demonstrating activator specificity of the Cterminal repression region. However, Kr-NZ⌬ was an efficient repressor of Gal4-HOX-mediated transcription (Fig. 6C) , with repression being appropriately relieved by the glutamine-tolysine mutation at residue 86. The full-length protein, containing both repression regions, repressed Gal4-HOX-mediated transcription, but not as effectively as the N-terminal region alone (Fig. 6C, Kr-NZC) ; therefore the combination of the two repression regions resulted in an averaged phenotype.
Similarly, although the C-terminal repression region did not repress transcription mediated by the acidic activator Gal4 (Fig. 6D, Kr-⌬ZC) , the N-terminal repression region of Kr was able to reduce the level of transcriptional activation by Gal4 (Fig. 6D, Kr-NZ⌬) . Again, the point mutation in the N-terminal domain specifically eliminated this repression activity (Fig.  6D , Kr-NZ⌬Y86QK). As previously published (29) , full-length Kr, like Kr-⌬ZC, containing the C-terminal repression region alone, did not repress Gal4-mediated transcription (Fig. 6D , Kr-NZC).
Several aspects of these experiments argue against trivial explanations of the activator specificity of the C-terminal region. First, the abilities of the repression domains to repress the activators were tested over similar ranges of activation activity (see the legend to Fig. 6 for values) . Second, by Western blot analysis and gel mobility shift analysis of transfected cell extracts, Gal4-Q, whose stimulatory activity was repressed by Kr-⌬ZC, was substantially more highly expressed than the other three activators (data not shown). Thus, neither the expression level (and occupancy on the promoter) nor the strength of the activator could be correlated, even in these limited cases, with the ability of the C-terminal region to inhibit transcription.
Activation mediated by two other activator proteins, a Gal4-VP16 fusion and a fusion of the Gal4 DNA-binding domain to the acidic activation region of EBNA2 (50), was also analyzed. Neither repression region of Kr appeared capable of suppressing transcription mediated by either of these activators (data not shown).
DISCUSSION
DNA-binding transcriptional repressors exert their effects through a variety of mechanisms. Some mechanisms involve DNA-binding competition and steric hindrance whereby the repressor, by binding to its specific DNA-binding site, blocks the access of basal transcription factors or transcriptional activators to the promoter. Other mechanisms require the repressor to bind to the DNA and perform an active function. Two proposed modes of the latter type of transcriptional repression are termed direct repression and quenching (26) . Direct repressors interfere with the formation or activity of the basal transcription complex, whereas quenching repressors interfere with the stimulatory activity of an activator that is also bound to the promoter. The Kr protein is believed to act by one of these active mechanisms, as Kr repression activity does not depend on the position or the sequence of the DNAbinding site through which it is tethered to the DNA (27, 29, 41, 57) . Our data described above indicate that Kr contains two small, highly conserved, discrete repression regions, with distinct abilities to repress transcription. These results imply that Kr may have distinct transcriptional targets, perhaps for dis- Kr contains two highly conserved, discrete repression regions. The C-terminal region of Kr was previously found to repress transcription in Drosophila Schneider cells when tethered to the promoter via its own or a heterologous DNAbinding domain (40, 41, 57) . This C-terminal region also repressed transcriptional activation by hunchback (hb) protein, without a requirement for being tethered to the promoter, possibly by mediating the formation of a complex between the Kr and hb proteins (42, 57) . As shown above, the C-terminal region of Kr also confers repression activity to a heterologous DNA-binding protein in mammalian cells. Furthermore, both the N-terminal (27, 28) and C-terminal (see below) small, well-defined regions of the Kr protein characterized in mammalian cells as transferable repression domains must be important for the biological function of Kr during Drosophila development, due to their strict conservation during 60 million to 80 million years of evolution ( Fig. 1 and 2) .
A highly conserved, 42-residue region, from amino acids 433 to 474, exhibited as pronounced repression activity as the entire C-terminal region. Previously, we mapped the N-terminal repression region to an even smaller 31-amino-acid region (28) . The small size of these repression domains suggests that each region contacts only a single, discrete target to maximally inhibit gene expression (19) . In contrast, transcriptional activation domains often map over large regions and appear to require multiple contacts with the transcriptional machinery in order to fully stimulate initiation of transcription (4) .
Amino acid composition of Kr repression regions.
Although charged residues, and basic residues in particular, have been implicated in the function of other repression domains (7, 33, 38, 55) , none of these previously identified charged domains showed significant similarity to the small C-terminal repression domain of Kr. Furthermore, mutation of basic residues in the C-terminal repression region did not diminish its ability to inhibit transcription. Other repression regions have been found to be proline rich (9, 18, 31, 54) , and 20% of the residues in the C-terminal repression domain of Kr are prolines, implying a connection. Yet our data also indicated that these residues play no role in repression activity of this region. Surprisingly, analysis of multiple amino acid substitution mutations in the C-terminal repression region indicated that the acidic amino acids enhance the transcriptional inhibition. However, none of the multiple point mutations that were constructed abolished repression activity, indicating that the amino acids most critical for contact between Kr and its molecular target have not yet been delineated. In this regard, the C-terminal transcriptional repression activity of Kr resembles the transcriptional activation activity of VP16. Whereas general acidity may play a role in transcriptional activation by VP16, mutation of a critical phenylalanine residue was required to abolish function (35, 53) .
The two repression domains in the Kr protein show no significant homology to each other, and different types of residues appear to be important to the function of each region. Presumably, each type of repression domain represents a unique protein-protein interaction surface necessary for inter- FIG. 6 . The N-and C-terminal repression regions in Kr differ in activator specificity. (A) Kr4G5BCAT (2 g) was cotransfected into CV-1 cells with 5 to 10 ng of Gal4-Q expression vector, 1.0 g (hatched bars) or 2.0 g (filled bars) of each of the Kr or Kr derivative expression plasmids, or a control expression plasmid (CMV-LacI/Z) and 0.5 g of internal control tkGH plasmid, using a LipofectAMINE transfection protocol. CAT activities (determined as percent acetylated chloramphenicol) for each sample were corrected for the level of hGH in the cell media to normalize for transfection efficiency. Relative CAT activity was determined by normalizing corrected CAT activity for each sample to the corrected CAT activity in the presence of the control LacI/Z plasmid. Indicated activities are the averages of three experiments performed in duplicate. Fold activation by Gal4-Q ranged from 50 to 170. (B) Kr4G5BCAT (2 g) was cotransfected into CV-1 cells with 5 to 10 ng of Gal4-AH expression vector, 1.0 g of each of the Kr or Kr derivative expression plasmids or a control expression plasmid (CMV-LacI/Z), and 0.5 g of internal control tkGH plasmid, using a LipofectAMINE transfection protocol. Relative CAT activities were determined as described above. Fold activation by Gal4-AH ranged from 3 to 29. (C) Kr4G5BCAT (2 g) was cotransfected into CV-1 cells with 5 to 50 ng of Gal4-HOX expression vector, 1.0 g of each of the Kr or Kr derivative expression plasmids or a control expression plasmid (CMV-LacI/Z), and 0.5 g of internal control tkGH plasmid, using a LipofectAMINE transfection protocol. CAT activities (determined as percent acetylated chloramphenicol) for each sample were corrected for the level of hGH in the cell medium to normalize for transfection efficiency. Relative CAT activities were determined as described above. Indicated activities are the average of three experiments performed in duplicate. Fold activation by Gal4-HOX ranged from 28 to 250. (D) Kr4G5BCAT (2 g) was cotransfected into CV-1 cells with 5 to 10 ng of Gal4 expression vector, 1.0 g of each of the Kr or Kr derivative expression plasmids or a control expression plasmid (CMV-LacI/Z), and 0.5 g of internal control tkGH plasmid, using a LipofectAMINE transfection protocol. CAT activities were determined as described above. Indicated activities are the average of four experiments, three of which were performed in duplicate. Fold activation by Gal4 ranged from 9 to 141. action with a target within the transcriptional machinery that leads to repression. The wide variety of transcriptional repression domains is consistent with there being many targets within the transcriptional machinery where repressors can interfere: DNA-binding activators, coactivator proteins, or basal transcription factors.
The two repression regions of Kr differ in activator specificity. To determine whether the two repression regions in Kr functioned by similar or distinct mechanisms, we tested separately the activator specificities of these repression regions. Although both could inhibit transcriptional activation by a subset of activation domains, other activation domains were inhibited by the N-terminal, but not the C-terminal, region of Kr. Therefore, the target of the N-terminal repression region is likely to be a factor more generally required for transcriptional stimulation than the target of the C-terminal repression region. Stated differently, the limited specificity of the C-terminal repression region suggests that this region quenches only certain activators (see below). Interestingly, not all acidic activators were dealt with in a uniform manner by the repression regions of Kr. For instance, the C-terminal repression region repressed transcription mediated by Gal4-AH but not by Gal4. Therefore, this type of activator specificity assay, in addition to characterizing the biological potential of a repressor, may distinguish among members of a class of activators.
Each of the two repression regions of Kr was capable of individually exerting the same level of inhibition on HSV tkdriven gene activity as observed in the presence of both (8b). The redundant, rather than additive or synergistic, repression by the two regions of Kr could imply that the two domains contact similar targets. However, the distinct activator specificities of the two repression regions, discussed above, argue against this possibility. Instead, the lack of synergism in repression levels could be explained by postulating that only one of the regions is fully active in the context of the full-length protein under our assay conditions. Consistent with this hypothesis, the N-terminal region repressed both Gal4-mediated and Gal4-HOX-mediated transcription more potently than did the full-length protein ( Fig. 6C and D) . In the context of the full-length protein, the N-terminal domain is apparently masked.
The predominance of the C-terminal region in the context of the full-length protein is consistent with this Kr repression activity being the most notable in Drosophila Schneider cells (40, 57) . However, due to the single amino acid difference in this region found upon comparing the protein sequences of D. melanogaster and D. virilis, the N-terminal domain must also be functional during Drosophila development. The masking of the N-terminal domain in our assay could result from a higher affinity of the C-terminal domain for its target, which might competitively interfere with effective interaction of the N-terminal domain with its target. Alternatively, the N-terminal domain may be unavailable for protein-protein interactions due to the conformation of the full-length protein. A mechanism for unmasking the N-terminal repression region may exist in some cells during Drosophila development, permitting potent repression by this region.
Potential distinct biological roles for the two Kr repression regions. The distinct activities exhibited by the N-terminal and C-terminal repression regions of Kr may relate to the two types of repression by Kr observed previously in Drosophila embryos (17) . When Kr binding sites were placed near an enhancer, Kr repressed transcription driven by this adjacent enhancer but did not affect transcription from the same promoter driven by an enhancer more distant from the Kr binding sites. In contrast, when Kr binding sites were placed near the start site of transcription, Kr repressed transcription directed by multiple distant enhancers. Gray and Levine proposed two models to explain these transcriptional phenotypes (17) . (i) Kr may possess two separate activities, one interfering with activators when bound nearby within an enhancer and the other directly inhibiting basal transcription, thereby blocking multiple activators, when bound at a promoter. (ii) Alternatively, Kr may recruit a repressive complex that functions only locally, via steric hinderance. Our data fit well with the first model, whereby Kr could directly repress basal transcription via the N-terminal repression region and quench activator activity via the C-terminal repression region. Repressors containing both activator specific activity and activator-independent activity, like Kr with its C-terminal and N-terminal repression regions, could contribute to the combinatorial regulation observed in many Drosophila segmentation gene enhancers. With Kr bound in an enhancer, its ability to repress transcription mediated by only certain activators could permit enhancer autonomy, preventing Kr bound at one enhancer from affecting activity from neighboring enhancers. In contrast, Kr bound at a promoter region could mediate complete repression of that gene in regions of the embryo where Kr was present.
The ability of the C-terminal repression region of Kr to inhibit activation by only certain activators may, on the surface, be viewed as conflicting with previous data showing that the C terminus of Kr mediates an interaction with the large subunit of basal transcription factor IIE, TFIIE␤ (39) . However, an interaction with a basal transcription factor would not necessarily eliminate an activator-specific quenching mode of transcriptional repression. The interaction of Kr with TFIIE␤ could prevent only certain activator interactions with the basal transcriptional machinery, most simplistically, if this group of activators targets TFIIE, without directly affecting basal transcription.
